ABSTRACT By examining the diffusion of young white dwarfs through the core of the globular cluster 47 Tucanae, we estimate the time when the progenitor star lost the bulk of its mass to become a white dwarf. We find this to be not earlier than 40 Myr before the star reaches the tip of the asymptotic giant branch. According to stellar evolution models of the white-dwarf progenitors in 47 Tucanae, we find this epoch to coincide approximately with the star ascending the asymptotic-giant branch and well after the helium flash. With the current data and analysis we cannot exclude some mass loss on the red-giant branch, but we argue that the bulk of the mass loss must occur very late in the star's history on the asymptotic-giant branch. We also confront the observed magnitudes of stars on the horizontal branch in 47 Tucanae and find that they are consistent with the latest theoretical models of the horizontal branch stars of 0.8 − 0.9M , further supporting the conclusion that the stars in 47 Tucanae and likewise in other clusters lose the bulk of their mass on the asymptotic-giant branch.
1. INTRODUCTION When and how a star like the Sun loses its mass to become a white dwarf star is a key open question of stellar evolution. Does the bulk of the mass loss occur when the star is a red giant or when the star reaches the asymptotic-giant branch? For forty years, in stellar evolution models mass loss on the red-giant branch (RGB) has been commonly described with the Reimers (1975) formula, an empirical scaling relation that involves basic stellar parameters and an adjustable efficiency parameter, η RGB . This parameter is usually constrained from the requirement of reproducing the extended blue horizontal branches (HB) in the Hertzsprung-Russell diagrams of Galactic globular clusters (Renzini & Fusi Pecci 1988) . Typical values are η RGB 0.35 − 0.45, which implies that 0.20 − 0.25 M is the mass that should be lost on the red-giant branch by a star with initial mass 0.85 − 0.90 M , characteristic of the turnoffs in Galactic globular clusters. An additional mass loss event of smaller size, 0.10 − 0.15 M , should take place later, during the evolution on the asymptotic-giant branch (AGB).
This classical paradigm has been recently challenged from various perspectives. Perhaps, one of the most intriguing findings is that the extended blue horizontal branch may be well explained by the very high helium abundance associated with the bluest main sequence of the multiple populations widely present in Galactic globular clusters (e.g., Lee et al. 2005) . In general, stellar models indicate that at the same age, higher helium corresponds to lower turn-off mass (Bertelli et al. 2008) . Therefore, for the same mass ejected on the red-giant branch, a higher helium abundance favours the development of more extended horizontal branches.
At the same time there are hints that the mass loss rates predicted for red-giant-branch stars with the classical calibrations may be significantly overestimated. Using chromospheric model calculations of the Hα line for a sample of red-giant-branch stars in a few globular clusters Mészáros et al. (2009) pointed out that the resulting mass loss rates are about one order of magnitude lower than obtained with the Reimers law or inferred from the infrared excess of similar stars by Origlia et al. (2007, see also Origlia et al. (2014) for recent results). On the other hand, such a large discrepancy appears to be completely overcome according to Groenewegen (2012) , who found an excellent agreement between the mass loss rates derived from fitting the spectral energy distributions of redgiant-branch stars with infrared excess, and the chromospheric estimates. In this respect, Groenewegen (2012) indicated that technical details on the use of radiative transfer codes may explain the striking differences among the literature mass-loss rates based on the infrared excess. Interestingly Miglio et al. (2012) argue from Kepler asteroseismic measurements of the stars in the very metal-rich open cluster NGC 6971 that low values of η on the red-giant branch (η RGB ) are needed to account for the mass loss between the red giant and red clump phases of stars in this metal-rich cluster (0.1 η RGB 0.3).
On the other hand, mass loss on the asymptotic-giant branch of old stellar populations may have been underestimated at lower metallicities. Recent stellar population synthesis studies have shown that to reproduce the star counts and luminosity functions of metal-poor lowmass thermally-pulsing asyptomtic-giant branch (TP-AGB) stars in a sample of nearby galaxies one has to invoke a more efficient mass loss than the classical Reimers recipe (Girardi et al. 2010; Rosenfield et al. 2014, see Sect. 2) . This also yields good agreement with the lowmass end of the initial-final mass relation, as probed with the white dwarfs in M4 (Kalirai et al. 2009 ).
In this study we build upon the results of Heyl et al. (2015) to demonstrate that the bulk of the mass loss from stars in 47 Tucanae must happen on the asymptotic-giant branch. In the core of the globular cluster 47 Tucanae the timescale for dynamical relaxation through two-body interactions is similar to the stellar evolution timescale for a star to live as a horizontal-branch star, rise up the asymptotic branch and become a white-dwarf star (Harris 1996; Heyl et al. 2015) . The core of 47 Tuc has been the focus of numerous previous investigations (e.g McLaughlin et al. 2006; Knigge et al. 2008; Bergbusch & Stetson 2009 ), but Heyl et al. (2015) is the first paper that combines the near ultraviolet filters of the Hubble Space Telescope (HST) with a mosaic that covers the entire core of the cluster. In these filters the young white dwarfs, the giant stars, the horizontal-branch stars, the blue stragglers and the upper main sequence stars all have similar fluxes as shown in Figure 1 . Furthermore, the exquisite angular resolution in the near ultraviolet of the new Hubble WFC3/UVIS camera also reduces the effects of confusion and incompleteness in this crowded field. Heyl et al. (2015) have outlined in detail how to measure the completeness rate and model the diffusion of stars in the cluster using the young white dwarfs. Here we build upon this diffusion model by comparing the radial distribution of the white dwarfs with that of the upper-main-sequence and red-giant stars. The key observation that one can draw from Figure 1 is that the distribution of the bright white dwarfs, whose median age is 6 Myr, more closely resembles that of the upper-main-sequence stars than that of the fainter white dwarfs. We will confront this observation with expectations from stellar evolution models and better quantify it with the diffusion models from Heyl et al. (2015) .
STELLAR EVOLUTION MODELS
To construct the stellar evolution models here, we used both MESA (Modules for Experiments in Stellar Astrophysics; Paxton et al. 2011 ) and a combination of PAR-SEC (for the evolution before the TP-AGB; Bressan et al. 2012) and COLIBRI (for the TP-AGB; Marigo et al. 2013) to perform simulations of stellar evolution starting with a pre-main-sequence model of 0.9 solar masses and a metallicity of Z = 4 × 10 −3 and Y = 0.256, appropriate for the cluster 47 Tucanae (Bergbusch & Stetson 2009) .
For the MESA models, we used SVN revision 5456 and started with the model 1M pre ms to wd in the test suite. We changed the parameters initial mass and initial z of the star and adjusted the parameter log L lower limit to −6 so the simulation would run well into the white dwarf cooling regime. We also reduced the values of the wind η on the RGB and AGB to 0.46 (from the default of 0.7) to yield a 0.53 solar mass white dwarf (Renzini & Fusi Pecci 1988; Moehler et al. 2004; Kalirai et al. 2009 ) from the 0.9 solar mass progenitor. The MESA models are consistent with the observed M V of the tip of the TP-AGB (Lebzelter & Wood 2005) which is sensitive to the mass of the resulting WD and with the observed cooling curve of the white dwarfs (Heyl 
and on the asymtotic-giant branch we use the Blöcker (1995) formulȧ
These parameters yield a model where the star loses about 0.2 solar masses as a red giant and 0.17 solar masses as an asymptotic giant star. As other options we also used a value of η on the red-giant branch of 0.1, 0.2 and 0.3 in the range of Miglio et al. (2012) and higher values on the AGB (η AGB ) as outlined in Table 1 . These also yielded a 0.53 solar mass white dwarf but with much less mass loss on the red-giant branch with values of η in better accordance with the results of Miglio et al. (2012) . Table 1 summarizes the results of the various wind models using MESA. Essentially the two wind parameters η RGB and η AGB can be tuned to change the ratio of mass loss on the two giant branches without changing the initial or final mass of the star (here 0.9 and 0.53M ), the age of the star where it becomes a white dwarf (essentially the age of the globular cluster today) or the duration of the horizontal branch. We define the duration of the horizontal branch in two alternative ways. The first is the time interval between the tip of the red-giant branch and the tip of the asymptotic-giant branch, ∆t T2T , and the second is the time between the helium flash and when the central helium abundance drops below 10 −5 , ∆t HB . When the two wind parameters are equal, the mass loss on the two branches also ends up being about equal and using the range of parameters outlined by Miglio et al. (2012) one can have as little as one-ninth of the mass loss on the red-giant branch, leaving nearly ninety percent of the mass loss to occur on the asymptotic-giant branch.
The procedure for the PARSEC-COLIBRI models was similar, but for the mass-loss descriptions. A first set of models was computed adopting the Reimers law on the RGB, in combination with the Schröder & Cuntz (2005) formula for the TP-AGB, as modified by Rosenfield et al. (2014) :
where g = GM/R 2 is the surface gravity, and η mSC is a free efficiency parameter. Again for each value of η RGB = 0.1, 0.2, 0.3, 0.4, the parameter η mSC of the AGB mass loss was tuned so as to obtain a final C-O core with mass of 0.53 − 0.54 M . We also found that the tip of the TP-AGB in PARSEC-COLIBRI models was consistent with the observed M V at the tip of the TP-AGB in 47 Tuc (Lebzelter & Wood 2005) .
We recall that Eq. (3) was proposed by Rosenfield et al. (2014) with the purpose of reproducing the star counts and luminosity functions of TP-AGB stars detected in a sample of nearby metal-poor galaxies from the ACS Nearby Galaxy Survey Treasury (ANGST; Dalcanton et al. 2009 ), which do not present signs of recent star formation. The working scenario is that at lower luminosities on the AGB winds are not driven by dust opacity, rather they should be linked to the mechanical flux produced in highly turbulent chromospheres (Cranmer & Saar 2011) . Adopting η RGB = 0.2 for RGB stars, the ANGST data were best reproduced assuming that on the TP-AGB low-metallicity low-mass stars experience more mass loss than predicted by the classical Reimers law (with η RGB = 0.3 − 0.4). Good agreement with observations was obtained by setting the efficiency parameter η mSC = 0.4 in the modified Schröder & Cuntz (2005) formula. The calibration also sets constraints on the TP-AGB lifetimes for [Fe/H] −0.9. They should be ∼ 0.5 Myr for lower mass stars (M 1 M ), corresponding to final masses of 0.52 − 0.54 M .
A second test calculation was performed with the prescriptions recently proposed by Origlia et al. (2014) to describe mass loss on both the RGB and the AGB of Galactic globular clusters. This formulation was derived relating the mid-IR excess exhibited by a fraction of RGB stars to the mass-loss rate, through a scaling relation that involves a few parameters for the dust properties. We set the parameters equal to the references values suggested by the authors for 47 Tucanae, namely: expansion velocity υ exp = 10 km s −1 , gas-to-dust ratio δ = 200, and grain density ρ = 3 g cm −3 . Another quantity to be specified is the fraction f on of dusty RGB stars, which may vary with the bolometric magnitude M bol . Its value was derived from figure 4 of Origlia Or14: Origlia et al. (2014) Gr12: Groenewegen (2012) et al. (2014) paper. Assuming [Fe/H] = −0.7 for 47 Tucanae, we got f on = 0.098 for −1.5 ≤ M bol ≤ −0.6 and f on = 0.222 for M bol < −1.5 on the RGB; f on = 0.292 for M bol < −1.5 on the AGB. No mass loss was considered for M bol > −0.6. A third test calculation was carried out using another semi-empirical mass loss relation based on the measured infrared excess. With the aid of dust radiative transfer calculations that best fit the observed spectral energy distributions of a sample of field RGB stars, with accurate parallaxes, Groenewegen (2012) derived the formulȧ
We note that there is no adjustable parameter here, and that the reference dust parameters used by Groenewegen (2012) were δ = 200, and υ exp = 10 km s −1 , which are exactly the same as the ones adopted in the Origlia et al. (2014) formulation. Instead, as we will see below, the predictions in terms of RGB mass loss are significantly different! Later on the AGB mass loss was described with the modified Schröder & Cuntz (2005) formula given by Eq. (3). An efficiency parameter η mSC = 0.8 was found to be the suitable choice to obtain a final mass of 0.54 M . Table 2 outlines the results of the PARSEC-COLIBRI models. The quantitative trends are quite similar to those obtained with the MESA code. Small differences in the mass on the horizontal branch for the same η RGB can be easily explained by the details of the model. Concerning the model with the Origlia et al. (2014) mass loss, we just note that it yields a final mass of 0.57 M , that is larger than our reference value of 0.53 M . In fact, with the Origlia et al. (2014) formula for mass loss the TP-AGB star is predicted to experience 9 thermal pulses before leaving the AGB, while in all other COLIBRI models the total number of thermal pulses is 3 − 4. The corresponding lifetime is therefore longer, 2.1 Myr, compared to 0.5 − 0.9 Myr for the set of TP-AGB calculations made with the modified Schröder & Cuntz (2005) relation.
Even though the method to derive the mass-loss rates for RGB stars is intrisically similar to that adopted by Origlia et al. (2014) , i.e. dust radiative transfer calculations that best fit the spectral infrared excess, the predictions for RGB mass loss obtained with the semi-empirical relation of Groenewegen (2012) are completely different.
THE EPOCH OF MASS LOSS
Through an analysis of the distribution of fluxes and positions of the young white dwarfs in the core of 47 Tucanae, Heyl et al. (2015) measured the rate of diffusion due to relaxation in the cluster. The right panel of figure 1 depicts the radial distribution of several groups of young white dwarfs. We have also added the radial distribution of the stars on the upper main sequence. This distribution is only slightly more concentrated than the young white dwarfs. Furthermore, the distribution of the upper-main-sequence stars is nearly identical to that of the red-giant branch stars even when we focus on the last hundred million years along the red-giant branch, indicating that little mass loss has occurred up to about 100 Myr before the tip of the RGB. In particular one can pose the question how much diffusion has occurred between the upper main-sequence or equivalently the RGB and the young white dwarfs.
We can play the diffusion back in time to what is presumably the initial radial distribution of the stars, that of stars on the upper main sequence or the giants as depicted in Figure 1 . Here we tried various values of the time for this distribution and depict the distribution with the smallest KS statistic D which is the maximal difference between the expected and observed cumulative distributions. If we fit the distribution of stars with a single Gaussian that diffuses with time and fit the luminosity function of the white dwarfs as well (i.e. we assume that we know nothing about white-dwarf cooling), we find that the distribution of main-sequence stars corresponds to a time 46 Myr before the tip of the asymptotic-giant branch. If we assume a cooling curve for the white dwarfs as described in § 2 and a one-or two-Gaussian model for the diffusion, we find that the mass-loss event coincides with the tip of the AGB. We can compare these times with the mass as a function of time for the underlying MESA stellar evolution model to pinpoint the stage where according to the diffusion model the bulk of the mass loss should have occurred (Figure 2) .
The results from the diffusion modelling as depicted by the shaded region in the figure show that the bulk of the mass loss is likely to have occurred while the white dwarf progenitor ascended the asymptotic-giant branch. The distribution of the young white dwarfs closely resembles that of the upper main sequence stars because they have not had time to relax to their new mass. It is unclear whether all of the mass loss occurs on the asymptotic-giant branch or just the bulk of it. From these dynamical arguments it is likely that the mass-loss evolution calculated from the MESA model with equal values of η depicted by the lowermost curve in Figure 2 is not correct. In this case during the first mass loss event, the mass of the progenitor decreases by 0.20 solar masses on the red-giant branch and 0.17 solar masses on the asymptotic-giant branch. Similar considerations apply to the PARSEC-COLIBRI models as depicted in Fig. 3 with η RGB = 0.4. In this case the mass lost on the red-giant branch, 0.25 solar masses, is even larger, by a factor of two, than the mass expelled on the asymptoticgiant branch, 0.12 solar masses. The model computed with the Origlia et al. (2014) formalism predicts similar amounts of ejected masses, with the notable difference that the final mass and the TP-AGB lifetime are larger. -Mass of a star that will become a modern-day white dwarf in 47 Tucanae as a function of time before its peak luminosity for the MESA models. The range of times for the epoch of mass loss from the best-fitting diffusion models is depicted by the shaded region. The first epoch of mass loss in the model is as a red giant and the second is as an asymptotic giant star. The lowermost curve traces the mass loss for η RGB = η AGB = 0.46 and the upper curves trace the mass loss for η RGB = 0.1, 0.2 and 0.3 from top to bottom with the other quantities given in Table 1 .
Two of the diffusion models point to the AGB as the location of the mass loss, so it is likely that even more than two-thirds of the mass loss occurs then.
The conclusion is that in 47 Tuc the mass of the horizontal-branch stars should be about that of the mainsequence stars. Miglio et al. (2012) argued from asteroseismic observations of red giant and red clump stars in NGC 6791 that at least in this metal-rich cluster little mass is lost on the red-giant branch, less than a tenth of a solar mass. If we use the value of η = 0.2 as suggested by Miglio et al. (2012) the mass of the star decreases more on the AGB as traced by the second curve from the top in Fig. 2 . Here the star only loses 0.08 solar masses on the red-giant branch and 0.28 solar masses on the AGB in better accordance with the diffusion models. The predictions of mass loss with the PARSEC-COLIBRI model are of 0.11 and 0.25 solar masses, respectively for η RGB = 0.2 and η mSC = 0.5. Further strong support to the findings of our diffusion models comes from the RGB mass loss rates derived by Groenewegen (2012) from the measured infrared excess in a sample of field RGB stars. In fact, adopting his proposed formulation we obtain that only ≈ 0.02 M is expelled on the RGB, so that the star reaches the AGB with a mass that is in practice the same it had on the main sequence. In this case ≈ 0.34 M is lost on the AGB. We emphasize that the agreement was obtained with the original Groenewegen (2012) relation for the RGB mass loss rates, without introducing any efficiency parameter. Moreover, as discussed by Groenewegen (2012) , the mass-loss rates derived in his study are completely consistent with the chromospheric estimates for RGB stars. It also appears that, surprisingly, -Mass of a star that will become a modern-day white dwarf in 47 Tucanae as a function of time before its peak luminosity for the COLIBRI models. From top to bottom the four curves (solid lines) trace the mass loss for η RGB = 0.1, 0.2, 0.3, and 0.4 with the other quantities given in Table 2 . The short-dashed line corresponds to the Origlia et al. (2014) formulations for mass loss, while the uppermost long-dashed line refers to the mass-loss rates predicted by Groenewegen (2012) for the RGB and with the modified Schröder & Cuntz (2005) relation for the AGB. Note that in both cases the RGB mass loss is derived from the results of the semi-empirical infrared-excess method, with surprisingly divergent results.
the winds in metal-rich stars may operate similarly to those in more metal-poor stars such as in 47 Tuc.
The radial distribution of the horizontal-branch stars themselves may help to constrain their masses. The corehelium burning phase on the horizontal branch lasts for about 100 Myr; this is more than a relaxation time of 40−70 Myr (Harris 1996; Heyl et al. 2015) , so if there is a significant amount of mass loss before the horizontal branch, one would expect the horizontal-branch stars to be less concentrated than the upper main sequence. Figure 1 also depicts the radial distribution of the giants and horizontal-branch stars. The giant stars have a similar distribution to the upper-main sequence, but it is somewhat surprising that the horizontal-branch stars have a more centrally concentrated radial distribution than the upper-main sequence. The hypothesis that the horizontal-branch stars and the upper-main sequence stars are drawn from the same radial distributions can be excluded at the two-sigma level (p = 0.028) by a Kolmogorov-Smirnov test.
One natural explanation for this could be that the sample of horizontal-branch stars in these filters is contaminated with the descendants of the blue straggler stars. These stars are much more centrally concentrated than the main sequence stars and even more concentrated than the horizontal-branch stars, so an admixture of blue stragglers and upper-main-sequence stars could have a distribution similar to the horizontal-branch stars. Beccari et al. (2006) argue that the asymptotic-giant branch and the horizontal branch in the core of 47 Tu-canae are significantly contaminated with more massive stars ascending the red-giant branch, i.e. the descendants of the blue stragglers in 47 Tucanae. Fusi Pecci et al. (1992) estimate that the ratio of the number of evolved blue stragglers to current blue stragglers in globular clusters range from 0.05 to 1. Sills et al. (2009) simulate the evolution of blue stragglers as they settle onto the main sequence and evolve through the main sequence and post main sequence to become white dwarfs. They found that the ratio of the post-main-sequence lifetime (RGB, HB and AGB) of these objects to their mainsequence lifetimes range from 0.06 to 2.4 depending on the nature of the collision that formed the blue straggler -we have restricted ourselves to their models whose total mass exceeds one solar mass. We can estimate how much contamination we require from the evolved blue stragglers to account for the excess concentration of the observed stars in our horizontal-branch sample. Figure 4 depicts the distribution of upper-main-sequence stars, horizontal-branch stars and linear combinations of the upper-main-sequence stars and blue stragglers.
Because the blue stragglers are so much less common (by a factor of seventy), the coefficient of the blue straggler distribution in the linear combination is ten to fifty times larger than that of the upper-main-sequence stars. Given the results of the diffusion analysis here we will make the further assumption that the horizontal-branch descendants of the upper-main-sequence stars have a similar radial distribution to the upper-main-sequence stars, i.e. there was little mass loss on the red-giant branch. Regardless, the underlying radial distribution of the horizontal-branch stars is bracketed by the very similar distributions of young white dwarf stars and the upper-main-sequence stars. The combined distributions depicted in Fig.4 correspond to the hypothesis that that the ratio of evolved blue stragglers (which we have assumed to have the same radial distribution as the blue stragglers) to blue stragglers along the main sequence are 0.5, 1.2 and 1.6 in the range outlined by Sills et al. (2009) . The best-fitting distribution of the three according to a Kolmogorov-Smirnov test (p ≈ 0.9) has a coefficient of 30 or the ratio of evolved blue stragglers to main-sequence blue stragglers of 1.2. In this case about twenty percent of the stars that we have identified as horizontal-branch stars are actually evolved blue stragglers. The models with coefficients of 10 and 50, corresponding to rates of contamination of about 10 and 30 percent have lower p−values of about 0.4, yielding a range of durations for the post-main-sequence of the blue stragglers of 0.5 to 1.6 times their main-sequence lifetimes. If we make the alternative assumption that the underlying distribution of horizontal-branch stars follows that of the young white dwarfs, one would require a slightly larger rate of contamination of blue stragglers in the horizontal branch, but this assumption ignores the subsequent evolution of the white dwarf distribution that indicates that the underlying radial distribution of horizontal-branch stars is very similar to the upper-main sequence.
We see that we can account for the centrally concentrated horizontal-branch distribution with a reasonable rate of contamination from evolved blue straggler stars. However because the rate of contamination is unknown a priori, it is difficult to say whether the horizontal-branch is indeed more or less centrally concentrated than the upper-main-sequence stars. Similar contamination affects the asymptotic-giant-branch stars (Beccari et al. 2006 ) so we cannot use their radial distribution for a direct test of the proposed mass loss either.
4. CONCLUSIONS By comparing the distribution of upper-main-sequence stars, giant stars, young and old white dwarfs, we find that it is most likely that the stars that are currently evolving to form white dwarfs lose more mass as asymptotic-giant-branch stars than as red-giant-branch stars. In the context of the Reimers and Blöcker or modified Schröder & Cuntz models for wind mass loss, parameters such as η RGB ≈ 0.1 and η AGB ≈ 0.7 best account for the observed radial distributions of the stars. Our stellar evolution simulations indicate that we can vary the parameters of the wind, still obtain white dwarfs of the mass observed in 47 Tucanae and only modestly change the age of the cluster and the duration of the horizontal branch. The observed initial and final masses of the stars in 47 Tucanae as well as the radial distribution of the stars disfavor the wind models of Origlia et al. (2014) . On the other hand, other independent studies based on radiative transfer calculations for RGB stars indicate that the mass loss rates are actually much lower than inferred by Origlia et al. (2014) . According to Groenewegen (2012) the apparent sizeable discrepancy between the high mass loss rates derived from the infrared excess and the low estimates from chromospheric line modelling appears completely resolved.
Recently McDonald & Zijlstra (2015) have also argued for larger values of η RGB = 0.477 ± 0.070 0.050 −0.062 for Galactic clusters and η RGB = 0.452 for 47 Tuc in particular much larger than the values favored by the diffusion of the stars discussed here. McDonald & Zijlstra (2015) use the median horizontal-branch masses estimated by Gratton et al. (2010) for 47 Tuc to be 0.648 ± 0.001M from HST data. This mass is derived from interpolation of the Pisa Evolutionary Library (Pisa 2004 models; Castellani et al. 2003; Cariulo et al. 2004) 5 through Eq. 3−8 of Gratton et al. (2010) that give the median V −band magnitude of the horizontal branch according to the Pisa 2004 models. Gratton et al. (2010) derive a median M V of 0.665 and 0.600 from HST and groundbased data respectively assuming an apparent distance modulus of (m − M ) V = 13.37 (Harris 1996) . for 0.85 and 0.9 M and the PARSEC models as solid curves for the horizontal-branch absolute magnitudes for masses spanning the range from 0.6 to 0.9 M in steps of 0.05 M , from bottom to top. In the context of these updated models, the observed median apparent magnitude of the horizontal-branch stars in 47 Tucanae (Gratton et al. 2010 ) and an apparent distance modulus of (m − M ) V = 13.37 (Harris 1996) are consistent with the horizontal-branch stars having a mass of 0.8 − 0.9M as indictated by the diffusion of the young white dwarfs. The horizontal-branch calculations of Yi et al. (1997) give similar values of M V for 0.8 and 0.9M to the PARSEC and Pisa 2012 models.
As a next step we have included the uncertainties in the distance modulus and use the true distance modulus of 13.30±0.13 obtained by Woodley et al. (2012) through a compilation of various techniques. This yields the broader band that includes a wider range of horizontalbranch masses of 0.75 − 0.9M . Furthermore because the models now generally yield fainter horizontal-branch stars of a given mass, all of the mass estimates of Gratton et al. (2010) probably should be revised upward, yielding a consistent picture across a wide range of metallicity that little mass is lost on the red-giant branch and the bulk of the mass is lost on the AGB for all clusters, regardless of metallicity as we have found for 47 Tucanae.
We must emphasize that the results presented here rest upon an inference of the time of the mass loss that we find to coincide with the AGB. This conclusion is nearly independent of the assumed distance to 47 Tucanae and the models of the horizontal-branch evolution. Gratton et al. (2010) . The narrow dark band uses the apparent distance modulus of (m−M ) V = 13.37 (Harris 1996) as in Gratton et al. (2010) . The wider more lightly shaded band shows the observed median absolute V −band magnitudes of the horizontal-branch stars in 47 Tucanae assuming a true distance modulus of 13.30 ± 0.13 (Woodley et al. 2012 ) and a reddening of E(B−V ) = 0.04 (Salaris et al. 2007 ). We used the standard extinction curve of Fitzpatrick (1999) with A V /E(B − V ) = 3.1.
The time scale that we derive rests on three independent arguments: the dynamical relaxation time from theoretical considerations, the white-dwarf cooling timescale and the duration of the red-giant-branch evolution. All three agree and point to the AGB as the origin of the mass loss. Furthermore, even a large relative error in these timescales would only result in a slight change in the timescale of the mass loss relative to the duration of the horizontal branch because we are measuring the time elapsed between the mass-loss event and the appearance of a young ∼ 10 Myr white dwarf. We find this to be about 10 Myr, so our estimates would have to be off by a factor of 10 to place the bulk of the mass loss on the red-giant branch. Miglio et al. (2012) argue from asteroseismology that little mass is lost, about one tenth of a solar mass on the red-giant branch in the metal-rich open cluster NGC 6791, similar to what we argue here. This is somewhat surprising because the metal abundance of NGC 6791 is a factor of ten larger than that of 47 Tucanae, indicating that the mass loss at least along the red-giant branch is not strongly dependent on metallicity. Furthermore, García-Berro et al. (2010) argue that the luminosity function of the white dwarfs in NGC 6791 (Bedin et al. 2005) tive of comparable mass-loss histories in these two clusters with widely differing chemical composition. Kalirai et al. (2007) measured a range of white dwarf masses in NGC 6791 from 0.36 to 0.53 M . This fits naturally with the mass-loss history that we obtain for 47 Tucanae. The higher mass white dwarfs in NGC 6791 result from the evolution of the red clump stars of mass of about 1.03 M (Miglio et al. 2012 ) through the AGB, whereas the lower mass white dwarfs come from the extreme horizontalbranch stars that have experienced larger mass loss on the RGB and skip the AGB entirely (e.g. Hansen 2005) . The evolution of the red clump stars is consistent with estimates of mass-loss rates for RGB stars derived from chromospheric line modelling (Mészáros et al. 2009 ) and from the spectral infrared excess of dusty objects (Groenewegen 2012) that are significanly lower than predicted by the classical Reimers calibrations.
A direct comparison of the distribution of horizontalbranch stars to those along the upper main sequence or red-giant branch is problematic. The stars along the horizontal branch appear to be more centrally concentrated than the stars during either of these two stages. This is difficult to reconcile with stellar evolution because one would expect that if anything the mass of the horizontal-branch stars would be slightly less than the red-giant-branch stars and therefore these stars should be less centrally concentrated after relaxing. A natural explanation for this puzzle is that the observed horizontal branch is contaminated with evolved blue straggler stars (e.g Beccari et al. 2006) . We find that if the number of evolved blue stragglers is about the same as the number of blue stragglers along the main sequence (e.g. Sills et al. 2009 ), we can account for the observed concentration of the horizontal-branch stars.
A key piece of evidence that could bolster these arguments would be a direct measurement of the masses of the red giant and horizontal-branch stars in 47 Tucunae, perhaps through asteroseismology as Miglio et al. (2012) did in NGC 6791 or by radial velocity measurements of binaries that include stars in these evolutionary stages.
